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ABSTRACT 

This  report . ,  t h e  e l e v e n t h  of' a s e r i e s ,  o u t l i n e s  t h e  

p rogres s  made on t h e  i n v e s t i g a t i o n  o f  t h e  v i s c o s e a l  and 

the  b u f f e r e d  s e a l  dur ing  the  p e r i o d  October 1 5 ,  1 9 6 7  - 

Apr i l  15 ,  1968.  The s tudy  is  be ing  conducted €or The 

Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  under Research 

Grant N s  G - 5 8 'I. 

The exper imenta l  performance of  f o u r  grooved-shaf t  

s e a l s  i s  p re sen ted .  These r e s u l t s ,  i n  a d d i t i o n  t o  those  

f o r  twenty t h r e e  geometr ies  p r e v i o u s l y  r e p o r t e d ,  i n d i c a t e  

t h a t  t h e  theory  advanced provides  a good des ign  e s t i m a t e  

f o r  grooved-shaf t  v i s c o s e a l s  i n  bo th  laminar  and t u r b u l e n t  

r e g i o n s .  The performance of l a r g e  d iameter  v i s c o s e a l s  

having t h e  same geometr ic  parameters  i s  r e l a t i v e l y  i n s e n -  

s i t i v e  t o  t h e  l e n g t h  o f  t h e  land-groove p a i r  when ope ra t ed  

i n  t h e  t u r b u l e n t  r eg ion .  

The r a d i a l  l oad  c a r r y i n g  c a p a c i t y  of  a v i s c o s e a l  was 

found t o  b e  1 2  t o  1 5  p e r c e n t  of  t h e  c a p a c i t y  o f  a f u l l  

j o u r n a l  b e a r i n g  of t h e  same o v e r a l l  dimensions.  

S t u d i e s  of' i n t e r f a c e  s t a b i l i t y  has l e a d  t o  a hypothes is  

f o r  t h e  mechanism of  gas i n g e s t i o n  i n  v i s c o s e a l s .  

ii 



I .  INTRODUCTION 

An i n v e s t i g a t i o n  embracing t h e  theory  and performance 

o f  t h e  v i s c o s e a l  under laminar  and t u r b u l e n t  c o n d i t i s n s  was 

i n i t i a t e d  on A p r i l  1 5 ,  1964 a t  The U n i v e r s i t y  of  Tennessee 

i n  t h e  Department of Mechanical and Aerospace Engineer ing .  

The i n v e s t i g a t i o n  i s  being conducted f o r  The Na t iona l  

Aeronaut ics  and Space Adminis t ra t ion  under Research Grant 

NsG-587, and t h i s  r e p o r t  p r e s e n t s  t h e  p r o g r e s s  o f  t h e  

i n v e s t i g a t i o n  f o r  t h e  p e r i o d  October 1 5 ,  1 9 6 4  through A p r i l  

1 5 ,  196%.  

A c r i t i c a l  review o f  a l l  a v a i l a b l e  l i t e r a t u r e  l e d  t o  

t h e  i d e n t i f i c a t i o n  of  a number of problem a r e a s  r e q u i r i n g  

s tudy  i n  suppor t  of t h e  United S t a t e s '  space e f f o r t  ( 1 ) .  

Other  r e p o r t s  i n  t h i s  se r ies  d e s c r i b e  t h e  program o b j e c t -  

i v e s  ( 2 )  t h e  des ign  and c o n s t r u c t i o n  o f  t h e  exper imenta l  

f a c i l i t y  ( 3 ) ,  t h e  c o n c e n t r i c  laminar  a n a l y s i s  of  t h e  v i s e o -  

s ea l  ( 4 ) ,  t h e  c o n c e n t r i c  t u r b u l e n t  a n a l y s i s  of t h e  v i s c o s e a l  

( 5 ) ,  and r e s u l t s  of experiments w i t h  t h e  f i r s t  twenty t h r e e  

v i s c o s e a l  geometr ies  ( 6 , 7 , 8 , 9 ) .  This  r e p o r t  p r e s e n t s  t h e  

exper imenta l  r a d i a l  l o a d  c a p a c i t y  of  a v i s c o s e a l ,  observa-  

t i o n s  made on t h e  gas i n g e s t i o n  s t u d y ,  and d e s c r i b e s  t h e  

bu f fe red  bushing s e a l  program. 

lNumbers i n  p a r e n t h e s i s  r e f e r  t o  s i m i l a r l y  numbered r e f e r e n c e s  
l i s t e d  a t  t h e  end of  t h i s  r e p o r t .  
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11- OBJECTIVES 

The r e s e a r c h  program p r e s e n t e d  i n  r e f e r e n c e s  ( 2 )  and 

(3) was modi f ied ,  as desc r ibed  i n  r e f e r e n c e  ( 6 ) ,  because of 

t h e  phenomenon of gas i n g e s t i o n  which was encountered during 

e a r l y  exper imenta l  obse rva t ions  I n  a d d i t i o n  t h e  scope o f  

t h e  r e s e a r c h  program was expanded t o  embrace t h e  b u f f e r e d  

bushing s e a l .  

111. ACTIVITIES 

Experimental  work cont inued  on t h e  performance of t h e  

v i s c o s e a l  and t e s t s ,  d e s c r i b e d  i n  a subsequent  s e c t i o n  of 

t h i s  r e p o r t  , were completed f o r  f o u r  v i s c o s e a l  geometr ies .  

Tests on t h e  f i r s t  twenty two v i s c o s e a l  geometr ies  

were made on t h e  t e s t  f a c i l i t y  d e s c r i b e d  i n  r e f e r e n c e  ( 3 ) .  

A modif ied t e s t  r i g  was prepared  and u t i l i z e d  i n  t e s t i n g  

v i s c o s e a l  6 E .  The r e s u l t s  o f  t h e  i n i t i a l  t e s t  on sea l  

6 E  showed cons ide rab le  d e v i a t i o n  between theory  and e x p e r i -  

ment as no ted  i n  r e f e r e n c e  ( 9 ) .  The t e s t  r i g  was disassem- 

b l e d ,  cheeked, and reassembled. The r e p e a t  t e s t s  on s e a l  

6 E  showed cons ide rab le  improvement i n  agreement between 

theory  and experiment 

The s tudy  of i n t e r f a c e  s t a b i l i t y  and gas i n g e s t i o n  

cont inued .  The t e s t  f a c i l i t y  d e s c r i b e d  i n  r e f e r e n c e  (9)  

was used t o  make s t i l l  and h igh-speed  moving p i c t u r e  

s t u d i e s  of gas i n g e s t i o n  i n  p l a i n  and grooved a n n u l i  us ing  

a v a r i e t y  of t e s t  f l u i d s .  From t h e s e  s t u d i e s  a new hypoth- 

e s i s  f o r  t h e  mechanism of gas i n g e s t i o n  was evolved.  I n  
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a d d i t i o n  t o  t h e  gas i n g e s t i o n  s t u d i e s  t h e  i n t e r f a c e  s t a b i l i t y  

f a c i l i t y  was used i n  making performance tes t s  of  t h r e e  l a r g e  

d iameter  v i s  cos  ea l s  . 
The f i r s t  s e r i e s  of  experiments  on t h e  r a d i a l  b e a r i n g  

load  c a p a c i t y  of a v i s c o s e a l  was completed.  These t e s t s  

i n d i c a t e  t h a t  t h e  r a d i a l  bea r ing  c a p a c i t y  of  a t y p i c a l  

v i s c o s e a l  geometry i s  about 1 2  t o  1 5  p e r c e n t  of  t h e  c a p a c i t y  

of a p l a i n  b e a r i n g  having t h e  same o v e r a l l  dimensions.  Two 

new s t u d i e s  o f  t h e  r a d i a l  load  c a p a c i t y  were i n i t i a t e d .  

A n a l y t i c a l  s tudy  of t h e  t u r b u l e n t  b u f f e r e d  bushing 

s e a l  cont inued .  The des ign  o f  t h e  b u f f e r e d  s e a l  t e s t  f a c i l i t y ’  

was completed and shop f a b r i c a t i o n  was s t a r t e d .  

M r .  T .  A. Areha r t ,  J r .  completed h i s  p r o j e c t  assignment 

i n  January  1968 and i s  engaged i n  w r i t i n g  h i s  t h e s i s .  The 

e f f o r t  t o  o b t a i n  a d d i t i o n a l  g radua te  r e sea rch  a s s i s t a n t s  

cont inued  throughout  t h i s  p e r i o d .  While t h i s  i s  becoming 

an i n c r e a s i n g l y  d i f f i c u l t  problem, w e  have been ab le  t o  make 

an appointment t o  M r .  Larry L u t t r u l P  who w i l l  under take  a 

p r o j e c t  r e sea rch  assignment i n  June 1968. 

I V .  EXPERIMENTAL RESULTS 

The t e s t  r i g  desc r ibed  i n  r e f e r e n c e  (3)  was used i n  t h e  

t e s t s  f o r  t h e  f i r s t  twenty two v i s c o s e a l  geometr ies .  The 

modif ied t e s t  r i g  shown i n  r e f e r e n c e  (9) was used t o  t e s t  

s e a l  6 E .  Due t o  r a t h e r  Parge exper imenta l  e r r o r s  no ted  i n  

t h e  i n i t i a l  t e s t s  of  sea l  6 E ,  a complete check was made of 
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t h e  t e s t  r i g ,  ins t rument  c a l i b r a t i o n s ,  and the  d a t a  

r educ t ion  program. The r epea ted  t e s t  on s e a l  6E i s  shown 

i n  Figure 1 i n  comparison wi th  t h e  i n i t i a l  t e s t  and wi th  

t h e  t e s t s  f o r  s e a l s  6 and 6 D  which had s i m i l a r  geometr ic  

parameters .  The e r r o r  was appa ren t ly  caused by t h e  thermo- 

couple c i r c u i t  of t h e  new t e s t  r i g .  Tes t  work i s  under way 

on grooved housing s e a l s  3H and 6H.  

Performance t e s t s  were a l s o  made on t h r e e  l a r g e  

diameter  v i s c o s e a l s  e These s e a l s ,  which were a l s o  used 

i n  connect ion wi th  a i r  i n g e s t i o n  s t u d i e s  i n  t h e  i n t e r f a c e  

s t a b i l i t y  t e s t  f a c i l i t y ,  have dimensions and geometr ic  

parameters  shown i n  Table l o  The s e a l s  were 

Table 1 

D I M E N S I O N S  AND GEOMETRIC PARAMETERS OF TEST SEALS 

S e a l  
No. n D c h a '  b '  06 P z f  

11 3 3 . 9 9 0  0 . 0 0 6  0 . 0 4 5  0 . 5 2 4  0 . 5 2 4  1 4 . 5  8 . 5  0 . 5  
1 2  6 3.990 0 . 0 0 6  0 . 0 4 5  0 , 2 6 2  0 . 2 6 2  1 4 . 5  8 . 5  0 . 5  
1 3  1 2  3 .990  0 .006  ' 0 . 0 4 5  0 . 1 3 1  0 . 1 3 1  1 4 . 5  8 . 5  0 . 5  

D = ! s e  
depth ,  
a '  = 1 

a1  d i ame te r ,  i n . ;  c = r a d i a l  c l e a r a n c e ,  i n .  ; h = groove 

and wid th ,  i n .  ; b '  = groove wid th ,  i n .  
a '  and b.' dimensions a r e  measured normal t o  groove. 

i n . ;  cC = h e l i x a n g l e ,  d e g . ;  Is = ( h + c ) / c ;  $ = b ' / ( a ' + b ' ) ;  

i n s t a l l e d  i n  the  i n t e r f a c e  s t a b i l i t y  t e s t  r i g  and ar ranged  as  

shown i n  Figure 2 .  The QP was measured by a mercury manometer 

connected t o  t aps  number 2 and 4 f o r  which the  c e n t e r - t o - c e n t e r  
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d i s t a n c e  was measured t o  be 2 . 0 1 " .  The temperature  i n  t h e  

f l u i d  f i l m  was measured by a copper -cons tan tan  thermocouple 

i n s e r t e d  through t a p  l o c a t i o n  3 .  The t e s t  f l u i d  was d i s -  

t i l l e d  water  and t h e  annulus w a s  f i l l e d  t o  w i t h i n  0 .25"  t o  

0 . 7 5 "  o f  t h e  t o p  o f  t h e  t e s t  j o u r n a l .  The unused p r e s s u r e  

t aps  were plugged t o  prevent  i n g r e s s  o f  a i s  and t h e  mano- 

meter l i n e s  could be e a s i l y  b l e d  o f  en t rapped  a i r .  While 

t e s t  speeds could be reached a t  which a i r  i n g e s t i o n  was 

ev iden t  f o r  each t e s t  s e a l ,  t h e  d a t a  were taken under 

cond i t ions  where t h e  lower h a l f  of t h e  annulus was f r e e  o f  

a i r .  When a i r  i n g e s t i o n  was moderate t o  s eve re  t h e  s e a l  

could be run only f o r  a f i n i t e  l eng th  o f  time be fo re  enough 

a i r  became t rapped  t o  blow t h e  f l u i d  out o f  t he  annulus .  

In  t h e s e  s i t u a t i o n s  t h e  s e a l  c a v i t y  was d r a i n e d ,  r e f i l l e d ,  

and s t a r t e d  a t  a predetermined speed and t h e  d a t a  recorded 

i n  a p e r i o d  o f  60  t o  90  seconds.  

The l a r g e  diameter  s e a l  t e s t s  a r e  being made p r i m a r i l y  

t o  observe t h e  e f f e c t  o f  t h e  c h a r a c t e r i s t i c  l eng th  L* on 

t h e  onse t  of  t u rbu lence  i n  a v i s e o s e a l .  I n  t h e  t h e o r e t i c a l  

a n a l y s i s  p re sen ted  i n  r e fe rence  ( S ) ,  which n e g l e c t s  i n e r t i a  

e f f e c t s ,  t h e  i n i t i a t i o n  of t u rbu lence  was taken t o  be  a t  a 

c r i t i c a l  Reynolds number de f ined  as : 

= 4 1 . 1  Recri t  
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A l a t e r  a n a l y s i s  ( l o )  shows t h a t  t h e  r e l a t i v e  magnitude of 

t he  convec t ive  i n e r t i a  f o r c e s  and v iscous  f o r c e s  may be 

i n d i c a t e d  by employing a modif ied Reynolds number, Re*, de f ined  

as : 

Re* = Rec(c/L*); i f  (c/L*) < 1. (2 )  

- U c  P 
P 

where: Rec - 

L* = c h a r a c t e r i s t i c  l eng th  

This  a n a l y s i s  concludes t h a t  t h e  i n e r t i a  e f f e c t s  can b e  

n e g l e c t e d  only when Re* 0 . 0 1  and t h a t  t h e s e  e f f e c t s  

become s i g n i f i c a n t  i n  improving t h e  s e a l i n g  c o e f f i c i e n t  

when Re* B 1. I n  the  ease of  t h e  v i s c o s e a l  E* i s  taken as 

the  l e n g t h  of t h e  land-groove p a i r  i n  t h e  d i r e c t i o n  of motion. 

Thus, 

Re* = R e c  ( m ) *  en 

where: n = number of t h r e a d  s t a r t s  

As shown i n  Table 1 s e a l s  l l , l 2 ,  and 1 3  have t h e  same 

D ,  e ,  h ,  o c ,  p ,  and br but  have d i f f e r i n g  L* va lues .  

Figure 3 p r e s e n t s  t h e  exper imenta l  r e s u l t s  ob ta ined  f o r  

t h e s e  s e a l s  i n  comparison wi th  t h e  t h e o r e t i c a l  performance. 

The s o l i d  l i n e  i n  Figure 3 r e p r e s e n t s  t h e  p r e d i c t e d  p e r -  

formance based on t h e  a n a l y s i s  i n  r e f e r e n c e  ( 5 )  which g ives  

the  same curve f o r  t h e  t h r e e  s e a l s .  The dashed l i n e s  r e p r e -  

s e n t  t h e  p r e d i c t e d  performance cons ide r ing  t h e  ideas  sugges ted  
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i n  r e f e r e n c e  ( l o ) .  The dashed l i n e s  were drawn by assuming 

t h a t  t h e  t r a n s i t i o n  would b e g i n  a t  Re*  = l and t h a t  t h e  

g e n e r a l  shape of t h e  curves i n  t h e  t u r b u l e n t  reg ion  would 

be s i m i i L r .  

would s t a r t  a r e  700, 350,  and 1 7 5  r e s p e c t i v e l y  f o r  3 , 6 ,  and 

1 2  t h r e a d  s t a r t s .  From Figure 3 i t  w i l l  be  n o t e d  t h a t  t h e s e  

On t h i s  b a s i s  t h e  Rec va lues  a t  which t r a n s i t i o n  

p re l imina ry  exper imenta l  d a t a  show only f a i r  agreement w i t h  

theory  and are no t  e x t e n s i v e  enough t o  show t h e  t r a n s i t i o n  

p o i n t s .  

range of 1 0 0 0  t o  6 0 0 0  t h e  performance, i n  t h e  absence of 

These d a t a  do, however, i n d i c a t e  t h a t  i n  t h e  R e c  

e n t r a i n e d  g a s ,  i s  e s s e n t i a l l y  t h e  same f o r  a l l  t h r e e  s e a l s .  

I t  must be  emphasized t h a t  t h e s e  t e s t s  were made wi th  

n e g l i g i b l e  amounts of' e n t r a i n e d  gas as  no ted  from a v i s u a l  

examinat ion.  These t h r e e  s e a l s  would n o t  - f u n c t i o n  e q u a l l y  

w e l l  i n  long term ope ra t ion  i n  t h e  t e s t  f a c i l i t y .  S e a l  No. 

11 could be ope ra t ed  cont inuous ly  a t  R e c  va lues  of  3 0 0 0 -  

3500  without  a p p r e c i a b l e  gas i n g e s t i o n  and t e s t s  a t  t h e  

h i g h e s t  speeds w i t h  Rec  of 5700 could  be opera ted  f o r  

extended p e r i o d s  b e f o r e  t h e  gas accumulation became l a r g e  

enough t o  cause d i f f i c u l t y .  

I n  t h e  case  of  s e a l  No. 1 2  gas i n g e s t i o n  became s i g -  

n i f i c a n t  a t  a R e c  of approximately 2000 bu t  ample t i m e  

w a s  a v a i l a b l e  ( 5  t o  1 0  minutes)  t o  make obse rva t ions  a t  

Rec va lues  i n  excess  of 6 0 0 0 .  

could be operk ted  f o r  extended p e r i o d s  a t  R e c  v a l ~ e s  of 

I t  appeared t h a t  s e a l  No. 1 2  
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1 5 0 0 - 2 0 0 0 .  

S e a l  No. 13  w a s  much more s u s c e p t i b l e  t o  gas i n g e s t i o n  

which became n o t i c a b l e  a t  R e c  va lues  of 500-600 and severe 

a t  Rec va lues  o f  1500-1800. 

necessa ry  t o  make the  t e s t  runs of  s h o r t  d u r a t i o n .  A t  

3950 rpm (Rec zz 4600), f o r  example, t h e  a i r  accumulation 

i n  a two minute p e r i o d  would b e  s u f f i c i e n t  t o  f o r c e  t h e  

l i q u i d  out  of  t h e  annulus .  

A t  h i g h e r  speeds i t  w a s  

Add i t iona l  exper imenta l  work scheduled  f o r  t h e  l a r g e  

d iameter  s e a l s  i nc ludes  : 

1. Performance w i t h  g l y c e r o l - w a t e r  mixtures  t o  

ex tend  t h e  range t o  lower Rec v a l u e s .  

2 ,  Tests w i t h  a back-f low o f  t e s t  f l u i d  t o  sweep out  

i n g e s t e d  a i r .  

3 .  Comparison of h igh  and low frequency response 

in s t rumen ta t ion  f o r  determining p r e s s u r e  g r a d i e n t s  i n  t h e  

sea l .  

I n t e r f a c e  s t a b i l i t y  and gas i n g e s t i o n  s t u d i e s  desc r ibed  

i n  r e fe rence  ( 9 )  have cont inued .  Experimental  obse rva t ion  

techniques  employed were v i s u a l  examinat ion,  s i n g l e  exposure 

photographs w i t h  1 . 2  micro-second exposure t imes ,  and h igh -  

speed motion p i c t u r e s  wi th  exposure r a t e s  from 1 0 0 0  t o  5000 

p i c t u r e s  p e r  second. 

An annulus o f  0 . 0 1 0 5  inches  t h i c k n e s s ,  u s ing  a p l a i n  

aluminum c y l i n d e r  having a d iameter  of  3.981 inches  and a 

runout  of 0 . 0 0 0 3  inches  was ope ra t ed  when approximately 
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two t h i r d s  f i l l e d  wi th  wa te r .  A i r  bubbles  were observed a t  

900  rpm (Re, = 1250) and t h e  bubbles  were observed t o  b e  

a l i g n e d  i n  c i r c u m f e r e n t i a l  rows when t h e  s h a f t  speed was 

above 2900  rpm, corresponding t o  Re = 4 0 0 0  and Taylor  

number = 2 9 4 .  These rows were a t t r i b u t e d  t o  t h e  presence  

o f  Taylor  v o r t i c e s  a s  no ted  i n  Reference (9) e 

While working with t h i s  annulus ,  an i n t e r e s t i n g  event  

was observed when, i n a d v e r t e n t l y ,  bands o f  l i q u i d  and bands 

o f  a i r  were formed i n  t h e  annulus as wa te r  was being i n t r o -  

duced i n t o  t h e  space under t h e  c y l i n d e r  while  t h e  s h a f t  

was t u r n i n g  a t  about 500 rpm and t i l t e d  a t  an angle  t o  t h e  

v e r t i c a l .  These c i r c u m f e r e n t i a l  bands were g e n e r a l l y  about 

0 . 0 5  inches i n  width and i t  was determined from a photograph 

t h a t  about f i f t y  such bands o f  l i q u i d  were p r e s e n t .  With 

t h e  s h a f t  t u r n i n g  a t  950  rpm t h e  p r e s s u r e  was changed t o  

d i s p l a c e  t h e  bands and i t  was found t h a t  an e s t i m a t e d  

p r e s s u r e  change o f  two p s i  was r equ i r ed  t o  cause these  bands 

t o  move i n  e i t h e r  d i r e c t i o n .  A f t e r  t h e  s h a f t  was s topped 

the  bands appeared t o  ma in ta in  t h e i r  shape f o r  a t  l e a s t  

t h r e e  minutes ,  a f t e r  which time a photograph was taken .  

This photograph was s o  s i m i l a r  t o  those  made whi le  t h e  s h a f t  

was t u r n i n g  t h a t  t h e r e  appears t o  be  no way t o  d i s t i n g u i s h  

between them. Next, t h e  p r e s s u r e  under t h e  c y l i n d e r  was 

changed t o  d i s p l a c e  t h e  bands a x i a l l y  and i t  was found t h a t  

a p r e s s u r e  change o f  n e a r l y  two p s i  was r e q u i r e d  t o  i n i t i a t e  

t h e  displacement .  
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No e f f o r t  w a s  made t o  d u p l i c a t e  t h e s e  e v e n t s ,  and no 

s i g n i f i c a n t  e f f o r t  has  been made t o  determine t h e  mechanics 

of  t h e  observed phenomena. The s h a f t  speed of  950 r p m  

corresponds t o  R e c  = 1325 ( t r a n s i t i o n a l  reg ion)  and a 

Taylor  number of 96 compared t o  a c r i t i c a l  number of  4 1 . 2  

f o r  beginning  of Taylor  v o r t i c e s .  No s p e c u l a t i o n  i s  o f f e r e d  

as  t o  whether o r  n o t  t h e r e  i s  any connect ion between t h e s e  

numbers and the  observed p h y s i c a l  phenomena. N e i t h e r  i s  

it known i f  t h e  same p h y s i c a l  f a c t o r s  were r e s p o n s i b l e  f o r  

t h e  even t s  observed i n  t h e  dynamic case  and t h e  s t a t i c  e a s e .  

For  t h e  s t a t i c  c a s e ,  one can c a l c u l a t e  t h e  f o r c e  p e r  inch  

of i n t e r f a c e  l i n e  of c o n t a c t  on t h e  s o l i d  s u r f a c e s  and f i n d  

t h a t  i t  i s  about t h e  same as t h e  va lue  f o r  a drop o f  water 

c l i n g i n g  t o  a v e r t i c a l  p l a n e .  However, i t  would seem p r e -  

sumptious t o  ex tend  t h i s  exp lana t ion  t o  t h e  case  o f  t h e  

r o t a t i n g  s h a f t  wi thout  f u r t h e r  s t u d y .  

With a p l a i n  aluminum c y l i n d e r ,  having a d iameter  of 

3 .990  i n c h e s ,  i n s t a l l e d  i n s i d e  t h e  a c r y l i c  c y l i n d e r  w i th  

an i n s i d e  d iameter  of  4 . 0 0 2  i n c h e s ,  h igh  speed movies were 

made o f  t h e  a i r -water  i n t e r f a c e .  When t h e  s h a f t  speed was 

1280 rpm (Rec = 1 0 1 5 ,  Taylor  number = 55.7) a breakup of 

t h e  i n t e r f a c e  w a s  observed t o  occur  over  approximately 

one t h i r d  of t h e  circumference.  The i n t e r f a c e  l e v e l  a t  

any g iven  c i r c u m f e r e n t i a l  l o c a t i o n  on t h e  a c r y l i c  c y l i n d e r  

f l u c t u a t e d  approximately 3/16'' because o f  runout .  The break 

i n  t h e  i n t e r f a c e  w a s  observed t o  beg in  when t h e  c y l i n d e r  
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had r o t a t e d  6 0  t o  7 5  degrees  a f t e r  t h e  maximum i n t e r f a c e  

l e v e l  had been a t t a i n e d .  A t  9 0 0  rpm t h e  same region  of 

t he  i n t e r f a c e  was observed t o  have a wavy o r  saw-tooth 

shaped p r o f i l e  w i t h  l o c a l  h e i g h t  v a r i a t i o n s  of about 0 . 0 2  

t o  0 . 0 3  i n c h e s .  A t  t h i s  lower speed no a i r  was seen  t rapped  

below t h e  i n t e r f a c e  

The reg ion  i n  which t h e  waves, o r  i n t e r f a c e  b r e a k ,  

occur  i s  one i n  which t h e  i n t e r f a c e  v e l o c i t y  i s  i n  t h e  

d i r e c t i o n  of  t h e  l i q u i d ,  which f o r  t h i s  case  was t h e  more 

v iscous  f l u i d .  Somewhat analogous t o  t h i s  p h y s i c a l  s i t u -  

a t i o n  i s  t h e  ease  of  t h e  motion o f  an i n t e r f a c e  s e p a r a t i n g  

two f l u i d s  between two c l o s e l y  spaced p a r a l l e l  p l anes  which 

have no  r e l a t i v e  motion.  A s t a b i l i t y  a n a l y s i s  of such an 

i n t e r f a c e  i s  p r e s e n t e d  by Saffman and Tay lo r  (11) where i t  

i s  shown t h a t  i n  t h e  absence of g r a v i t y  and s u r f a c e  t e n s i o n  

t h e  i n t e r f a c e  i s  u n s t a b l e  when t h e  v e l o c i t y  i s  toward t h e  

more v iscous  f l u i d  and s t a b l e  when t h e  v e l o c i t y  i s  i n  t h e  

oppos i t e  d i r e c t i o n .  When t h e  g r a v i t a t i o n a l  f o r c e  i s  taken  

i n t o  account ( f o r  v e r t i c a l  o r i e n t a t i o n  o f  t h e  p l a n e s )  i t  

i s  shown t h a t  t h e r e  i s  a c r i t i c a l  i n t e r f a c e  v e l o c i t y  which 

s e p a r a t e s  s t a b l e  from u n s t a b l e  c o n d i t i o n s .  F u r t h e r ,  i t  i s  

shown t h a t  t h e  e f f e c t  o f  s u r f a c e  t e n s i o n  i s  t o  l i m i t  t h e  

range of  u n s t a b l e  d i s tu rbances  t o  t h o s e  having a wavelength 

g r e a t e r  t han  a c r i t i c a l  va lue ,  which i s  p r o p o r t i o n a l  t o  t h e  

square  r o o t  of  t h e  s u r f a c e  t e n s i o n .  
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C lose ly  r e l a t e d  t o  t h i s  i s  an a n a l y s i s  p r e s e n t e d  by 

Taylor  (12) and expe r imen ta l ly  v e r i f i e d  by L e w i s  (13) 

showing t h a t  when two superposed f l u i d s  o f  d i f f e r e n t  

d e n s i t i e s  and n e g l i g i b l e  v i s c o s i t i e s  a r e  a c c e l e r a t e d  i n  

a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e i r  i n t e r f a c e ,  t h i s  s u r f a c e  

i s  s t a b l e  'or u n s t a b l e  f o r  small d e v i a t i o n s  according as t h e  

a c c e l e r a t i o n  i s  d i r e c t e d  from t h e  more dense t o  t h e  less 

dense f l u i d  or v i c e  v e r s a .  

The i n s t a b i l i t i e s  r e f e r r e d  t o  above l e a d  t o  f i n i t e  

d i s t u r b a n c e s  i n  t h e  form of f i n g e r s  o f  one f l u i d  p e n e t r a t i n g  

i n t o  t h e  o t h e r ,  as ske tched  i n  Figure 4 .  S i m i l a r  f i n g e r s  

have f r e q u e n t l y  been seen  i n  t h e  s u r f a c e  t e n s i o n  s tudy  

f a c i l i t y ,  when t h e  s h a f t  was n o t  r o t a t i n g ,  as t h e  i n t e r f a c e  

level  was being lowered. 

I n  t h e  case of an annulus wi th  r e l a t i v e  motion between 

t h e  c y l i n d r i c a l  s u r f a c e s ,  any e c c e n t r i c i t y  o r  runout  causes  

t h e  i n t e r f a c e  level  t o  undergo p e r i o d i c  f l u c t a t i o n s .  I t  

seems h i g h l y  probable  t h a t  i n  t h i s  ca se  an u n s t a b l e  p e r -  

t u r b a t i o n  would a l s o  occur  f o r  some range o f  c o n d i t i o n s .  

With f i n i t e  growth of t h e  p e r t u r b a t i o n s  u n t i l  f i n g e r s  o f  

gas p ro t rude  i n t o  t h e  l i q u i d ,  i t  then  seems l i k e l y  t h a t  

some of  t he  f i n g e r s  would neck down and i s o l a t e  a q u a n t i t y  

of a i r  (a bubble) from t h e  i n t e r f a c e ,  as shown i n  Figure 5 .  

While t h i s  seems f e a s i b l e ,  it must b e  regarded  as an hypoth- 

e s i s ,  a l though some of  ou r  obse rva t ions  s u p p o r t  t h e  l o g i c  

of t h i s  reasoning .  Such f i n g e r s  have been seen  t o  develop 
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when t h e  s h a f t  w a s  r o t a t i n g  a t  about 1 0 0  rpm o r  l e s s ,  t h e  

f i n g e r s  developing i n  a reg ion  where t h e  i n t e r f a c e  l e v e l  

was descending and then t h e  f i n g e r s  withdrawing i n  a reg ion  

where t h e  i n t e r f a c e  l e v e l  was r i s i n g .  However, no a i r  

bubbles were seen  t o  become t r apped  a t  a s i g n i f i c a n t  

d i s t a n c e  below t h e  i n t e r f a c e  a t  t h e  t i m e  o f  ou r  obse rva t ions .  

A t  h i g h e r  s h a f t  r o t a t i o n a l  speeds ,  p a r t i c u l a r l y  when 

f l u i d s  o f  very  low v i s c o s i t y  a r e  used ,  t h e  a c c e l e r a t i o n  

e f f e c t s  may dominate i n  l ead ing  t o  i n t e r f a c e  i n s t a b i l i t y .  

This  mechanism would probably become more important  as t h e  

d i s t a n c e  between t h e  s o l i d  s u r f a c e s  i s  i n c r e a s e d .  I f  s o ,  

t h i s  could mean t h a t  an i n t e r f a c e  between two s u r f a c e s  having 

r e l a t i v e  motion and a vary ing  d i s t a n c e  s e p a r a t i n g  t h e  s u r -  

f a c e s ,  as  i n  a v i s c o s e a l  o r  a s p i r a l  grooved f a c e  s e a l ,  could 

have bo th  types of i n s t a b i l i t y  occur r ing  s imul taneous ly .  

Three v i s c o s e a l  s h a f t s  shown i n  r e f e r e n c e  ( 9 ) ,  Figure 4 

were t e s t e d  during t h i s  p e r i o d  and h igh  speed movies were 

made t o  f a c i l i t a t e  s t u d i e s  o f  t h e  i n t e r f a c e  and t h e  motion 

of a i r  bubbles .  The v i s c o s e a l  s h a f t s  were made of  aluminum 

wi th  dimensions as shown i n  Table 1. An a c r y l i c  housing was 

used. 

Movie f i l m  o f  t h e  t h r e e  t h r e a d - s t a r t  s h a f t  o p e r a t i n g  a t  

380 rpm (Re, = 300)  showed some i n t e r e s t i n g  f e a t u r e s  invo lv ing  

bubble motion. There were n o t  many bubbles p r e s e n t  a t  t h i s  

speed and t h e  ra te  of a i r  i n g e s t i o n  was q u i t e  sma l l .  The 

movie showed t h a t  a group o f  bubbles  immediately fo l lowing  
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t h e  i n t e r f a c e  i n  t h e  groove w a s  r o t a t i n g  counterclockwise 

and another  group o f  bubbles ,  immediately ad jacen t  t o  and 

fo l lowing  t h e  f i r s t  group,  was r o t a t i n g  i n  a c lockwise 

d i r e c t i o n  as  ske tched  i n  Figure 6 .  There were no o t h e r  

bubbles p r e s e n t  immediately behind t h i s  second group and 

t h e r e f o r e  no method o f  v i s u a l i z a t i o n  a v a i l a b l e  t o  determine 

how many such v o r t i c e s  were p r e s e n t .  F u r t h e r  from t h e  

i n t e r f a c e  and a l s o  i n  t h e  grooves were bubbles  moving along 

t h e  l ead ing  edge of t h e  groove toward t h e  i n t e r f a c e .  Bubbles 

a long t h e  t r a i l i n g  edge of  t h e  groove were seen  moving away 

from t h e  i n t e r f a c e  i n  a f i l m  t aken  when t h e  s h a f t  speed was 

350 rpm. 

Another f i l m ,  made when t h e  s h a f t  speed was 3360 rpm, 

shows a very t u r b u l e n t  i n t e r f a c e  wi th  what appears  t o  be 

r i p p l e s  o r  waves i n  an a i r - w a t e r  s u r f a c e  which were g e n e r a l l y  

p a r a l l e l  t o  t h e  bottom o f  t h e  grooves.  The gas i n g e s t i o n  

ra te  was f a i r l y  h igh  a t  t h i s  speed,  b u t  t h e  f l o w  i n  t h e  

v i c i n i t y  of t h e  i n t e r f a c e  was s o  complicated t h a t  no s i g -  

n i f i c a n t  concept of  t h e  mechanism producing gas i n g e s t i o n  

was ga ined  from viewing t h e  f i l m .  

Some e x p l o r a t o r y  experiments were conducted us ing  a 

p l a i n  aluminum c y l i n d e r  3 . 9 9 0  inches  i n  d iameter  i n s t a l l e d  

i n s i d e  t h e  a c r y l i c  c y l i n d e r  having an i n s i d e  d iameter  o f  

4 . 0 0 2  i n c h e s .  Alcohol-water  s o l u t i o n s  and g l y c e r i n e - w a t e r  

s o l u t i o n s  were used.  The a l coho l -wa te r  s o l u t i o n s  wi th  from 

about one t o  t h r e e  p e r  cen t  a l coho l  r e s u l t e d  i n  t h e  most 
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s eve re  gas i n g e s t i o n  observed wi th  the  a l coho l -wa te r  

s o l u t i o n s .  The a i r - l i q u i d  mixture  took on a foamy 

appearance f o r  t h i s  range o f  composi t ions.  With g l y c e r i n e  

used i n  t h e  annulus t h e  i n t e r f a c e  appeared t o  remain s t a b l e  

and no gas ingesTion was seen up t o  t h e  maximum o p e r a t i n g  

speed of  3600 rpm, With 5 0 %  g l y c e r i n e ,  a i r  i n g e s t i o n  was 

observed a t  about 2100  rpm. With a cont inued  dec rease  i n  

t h e  p r b p m t i o n  of g l y c e r i n e  used t h e r e  was a decrease  i n  

t h e  s h a f t  speed a t  which gas i n g e s t i o n  was f i r s t  seen .  

The i n i t i a l  s e r i e s  of t e s t s  was completed on t h e  

v i s c o s e a l  b e a r i n g  desc r ibed  i n  r e fe rence  ( 9 ) .  The 

p e r t i n e n t  dimensions of t h e  bea r ing  a r e  as fo l lows :  

Diameter = 2.484" Land width = 0.1667"  

Radia l  c l ea rance  = 0 . 0 0 2 5 "  Groove width = 0 .1667"  

Overa l l  l eng th  = 3.125" Groove depth = O , O l 5 "  

Shaf t  d iameter  = 2.47'9" Oe. = 4.88' 

Center  supply groove width = 0 , 3 9 5 "  8 = 7 . 0  

x =  0.5  

The b e a r i n g ,  which was c o n s t r u c t e d  wi th  a c e n t r a l  supply  

groove, had pumping lands of oppos i t e  hand pumping toward 

t h e  supply groove.  The bea r ing  was made of b r a s s  and t h e  

s h a f t  was made of Type 316 s t a i n l e s s  s t e e l .  

The b e a r i n g  f i l m  t h i ckness  was monitored w i t h  f o u r  

Bent ly  inductance  p robes .  SAE 10  o i l ,  which was used as 

t h e  t e s t  f lu id ,was  d i r e c t e d  t o  the  c e n t r a l  supply groove 

through a flow c o n t r o l  v a l v e .  The bea r ing  was ope ra t ed  

w i t h  a small leakage flow from each end .  Thus, t h e  supply 
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p r e s s u r e  was s l i g h t l y  l a r g e r  than  t h e  head developed by t h e  

sea l .  The o i l  t empera ture  w a s  measured a t  t h e  supply i n l e t  

and i n  t h e  d r a i n  from each end of t h e  b e a r i n g .  The o i l  

e x i t  t empera ture  was taken  as  t h e  f i l m  t empera ture  i n  t h e  

bea r ing  and v i s c o s i t i e s  based on t h i s  tempera ture  were 

used i n  t h e  c a l c u l a t i o n  of  t h e  bea r ing  performance. 

Figure 7 shows t h e  e c c e n t r i c i t y  r a t i o ,  , p l o t t e d  

a g a i n s t  t h e  a t t i t u d e  a n g l e ,  . These d a t a  were ob ta ined  

f o r  randomly s e l e c t e d  l o a d s ,  speeds ,  and o i l  supply  p r e s s u r e s  e 

I t  w a s  no ted  t h a t  t h e  bea r ing  ope ra t ed  a t  h igh  e c c e n t r i c i t y  

r a t i o s  even when ope ra t ed  a t  low loads  and h igh  speeds .  

F u r t h e r ,  i t  was observed t h a t  t h e  e c c e n t r i c i t y  r a t i o  was 

s e n s i t i v e  t o  t h e  o i l  supply p r e s s u r e .  

Figure 8 shows a s e t  o f  t es t  p o i n t s  taken  t o  s tudy  t h e  

s c a t t e r  observed i n  t h e  d a t a  i n  Figure 7 .  The d a t a  f o r  

Figure 8 were obta ined  a t  a cons t an t  l oad  o f  163.5 l b  and 

a cons t an t  speed of 1 2 7 5  rpm w i t h  v a r i o u s  supply p r e s s u r e s .  

The numbers a s s o c i a t e d  w i t h  t h e  d a t a  p o i n t s  i n  Figure 8 

re fe r  t o  t h e  supply  p r e s s u r e  i n  p s i .  I t  w i l l  be no ted  t h a t  

i n c r e a s i n g  supply p r e s s u r e  causes  t h e  e c c e n t r i c i t y  r a t i o  

and a t t i t u d e  angle  t o  i n c r e a s e .  

Figure 9 shows t h e  exper imenta l  e c c e n t r i c i t y  r a t i o  as 

a f u n c t i o n  of t h e  c a p a c i t y  number Cn. The c a p a c i t y  number 

i s  de f ined  a s :  



I n  t h i s  s tudy  "1" was taken  e q u a l ' t o  t h e  land  width i n  the  

b e a r i n g ,  t h e r e  be ing  9 such lands  i n  t h e  v i s c o s e a l  b e a r i n g .  

The t h e o r e t i c a l  curve is  a p l o t  of t h e  e q u a t i o n ,  

known as  t h e  s h o r t  bea r ing  approximation ( 1 4 ) .  

From Figure  9 it w i l l  be no ted  t h a t  t h e  s h o r t  bea r ing  

approximation prpvides  a reasonable  e s t i m a t e  of t h e  r a d i a l  

c a p a c i t y  f o r  t h e  p a r t i c u l a r  v i s c o s e a l  employed i n  t h i s  t e s t .  

However, i t  i s  n p t  c l e a r  t h a t  t h i s  approximation i s  s a t i s -  

f a c t o r y  f o r  a l l  geometr ic  pa rame te r s .  

A s tudy  has been i n i t i a t e d  t o  ex tend  t h e  work o f  

Archiba ld  and Hamrock (15,16) t o  t h e  geometry o f  t h e  

v i s c o s e a l  b e a r i n g .  A numer ica l  program i s  being developed 

f o r  t h e  I B M  360 t o  determine t h e  load  c a p a c i t y  and s t a b i l i t y  

of t he  v i s c o s e a l  geometry. This  a n a l y s i s  cons ide r s  t h e  

v a r i a t i o n  i n  f i l m  t h i ckness  over  t h e  lands and grooves due 

t o  e c c e n t r i c i t y  as w e l l  as  t h e  change due t o  t h e  groove 

i t s e l f .  The r e sea rch  p a r t i c i p a n t  on t h i s  p r o j e c t  t a s k  has 

an independent source  o f  suppor t  and does n o t  r ece ive  a 

s t i p e n d  from t h e  NASA Grant NsG-587. The t e s t  f a c i l i t y  and 

shop work w i l l  be  provided  from t h e  g r a n t .  

The i n v e s t i g a t i o n  of t h e  b u f f e r e d  bushing seal  

cont inued  through t h i s  p e r i o d  wi th  e f f o r t  on l i t e r a t u r e  

s t u d i e s  a n a l y s i s  and t e s t  equipment des ign .  
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S e v e r a l  papers  have been pub l i shed  on t h e  r e s i s t a n c e  of a 

flow through c o - a x i a l  c y l i n d e r s  w i th  a r o t a t i n g  i n n e r  

c y l i n d e r .  Suzuki (17) experimented w i t h  flow through s h o r t  

c y l i n d e r s  u s i n g  l a r g e  c l e a r a n c e s  and h igh  Reynolds numbers. 

Cornish (18) measured t h e  r e s i s t a n c e  of a flow through 

c o - a x i a l  c y l i n d e r s  having f i n e  c l e a r a n c e s .  Tomita (19) 

measured t h e  r e s i s t a n c e  of a flow when t h e  o u t e r  c y l i n d e r  

r o t a t e s .  Recent work by Yamada ( 2 0 )  s t u d i e s  t h e  r e s i s t a n c e  

of a water flow through e o - a x i a l  c y l i n d e r s  when t h e  i n n e r  

c y l i n d e r  r o t a t e s .  Yamada used l a r g e  c l e a r a n c e s  and h igh  

Reynolds numbers. 

However, none of t h e  p r e v i o u s l y  mentioned papers  

cons idered  t h e  e f f e c t  o f  e c c e n t r i c i t y  on t h e  a x i a l  flow 

r a t e  and p r e s s u r e  drop us ing  sma l l  c l e a r a n c e s  ( i . e .  

1 0 0  f r / c  5 1000) and h igh  Reynolds numbers. I t  i s  d i f f i c u l t  

t o  determine whether  o r  n o t  Ymada ' s  r e s u l t s  are v a l i d  f o r  

small c l ea rances  and h igh  Reynolds numbers. 

The purpose of  t h i s  r e sea rch  t a s k  i s  t o  i n v e s t i g a t e  t h e  

e f fec t  o f  t h e  fo l lowing  parameters  on t h e  p r e s s u r e  drop f o r  

a flow through an annulus formed by two e o - a x i a l  c y l i n d e r s  

wi th  t h e  i n n e r  c y l i n d e r  r o t a t i n g  and t h e  o u t e r  c y l i n d e r  

s t a t i o n a r y  : 

a )  a x i a l  Reynolds number. 

b)  r o t a t i n g  Reynolds number. 

e) c l ea rance  t o  r a d i u s  r a t i o .  

d) e c c e n t r i c i t y  r a t i o .  
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e )  s u r f a c e  roughness.  

I t  i s  a l s b  planned t o  determine t h e  e n t r a n c e  l eng th  f o r  

t h i s  type of flow as a func t ion  o f ‘  t h e  above parameters  

s i n c e  most p r a c t i c a l  b u f f e r e d  s e a l s  w i l l  t end  t o  have low 

L / D  r k t i o s .  

t h e  t u r b u l e n t  r eg ion  o f  a x i a l  and r o t a t i n g  Reynolds 

numbers 

‘The appara tus  w i l l  b e  ope ra t ed  p r i m a r i l y  i n  

The exper imenta l  eqhipment f o r  t h e  t e s t i n g  of  t u r b u l e n t  

b u f f e r e d  bushing seals has been designed and i s  be ing  con- 

s t r u c t e d .  I t  i s  a n t i c i p a t e d  t h a t  t h i s  appara tus  w i l l  be 

i n  o p e r a t i o n  du r ing  t h e  summer o f  1968. 

The t e s t  f a c i l i t y  has  been designed i n  such a manney t h a t  

it may be modif ied t o  perform exper imenta l  work on v i s c o s e a l s  

as w e l l  as r e sea rch  on g a s - l i q u i d  b u f f e r  f l u i d  mix tu res .  

V.  PROPOSED SCHEDULE 

During t h e  p e r i o d  Apr i l  1 5 ,  1968 - October 1 5 ,  1968 

t h e  fo l lowing  e f f o r t s  a r e  scheduled:  

1. Complete t h e  exper imenta l  s tudy  of  seals  3H and 6 H .  

2 .  Conduct a d d i t i o n a l  t e s t s  o f  s e a l s  l l , l Z ,  and 13 us ing  

mixtures  of g l y c e r o l  and wa te r  i n  o r d e r  t o  expand 

range o f  Rec. 

3.  Determine t h e  e f f e c t  of back-f low on s e a l  performance 

and a i r  i n g e s t i o n  of  s e a l s  1 1 , 1 2 ,  and 13. 

4 .  Compare t h e  p r e s s u r e  g r a d i e n t s  ob ta ined  w i t h  f l u i d  

manometers w i t h  those  ob ta ined  by us ing  h igh  frequency 

response in s t rumen ta t ion .  
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5 .  Complete t h e  numer ica l  computation o f  t h e  load  c a p a c i t y  

and s t a b i l i t y  of t h e  v i s c o s e a l  b e a r i n g .  

6 .  Complete t h e  a n a l y s i s  and exper imenta t ion  on t h e  

i n t e r f a c e  s t a b i l i t y  s tudy  and beg in  t h e  r e p o r t  p r e -  

p a r a t i o n .  

7 .  Complete c o n s t r u c t i o n  and assemble t h e  b u f f e r e d  sea l  

t e s t  r i g .  
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A i r  
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Figure 4 .  P rogres s ive  s t a g e s  of  growth o f  " f inge r s "  o f  
one f l u i d  i n t o  ano the r .  

Figure 5 .  Sketch o f  p o s s i b l e  development o f  i n t e r f a c e  
c o n f i g u r a t i o n  t o  cause entrapment of  a i r  
bubbles  i n  an annulus .  
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Figure  6 .  Ske tch  o f  a i r  bubble motion i n  o p e r a t i o n  of 
v i s e o s e a l  a t  380 rpm. 
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